Both diabetes mellitus and thyroid diseases are very common in the fields of endocrinology and metabolism. Coexistence of diabetes mellitus and thyroid diseases are frequently experienced. However, higher prevalence of thyroid dysfunction in both type 1 and type 2 diabetes compared with non-diabetics have been reported. Autoimmunity is a key to understand the link between type 1 diabetes and autoimmune thyroid diseases. And, this combination of autoimmune diseases is recognized as autoimmune polyglandular syndrome type 3 variant. On the other hand, the relation between thyroid function and glucose intolerance or type 2 diabetes mellitus is more complicated. Both hyperthyroidism and hypothyroidism could be risk factors for glucose intolerance. In this review, current knowledge about the relationship between diabetes mellitus and thyroid diseases is described, which includes the following topics: effects of thyroid hormone on glucose metabolism, subclinical hypothyroidism and diabetic complications, type 1 diabetes and autoimmune thyroid diseases, and several clinical pitfalls in patients with both diseases.
Introduction
Diabetes mellitus is a systemic disease, and its clinical presentation is not restricted in pancreatic beta cells. Diabetic complications affect the whole body including retina, kidney, nervous system and vascular system. Similarly, since thyroid hormone is a key regulator of whole body metabolism and energy expenditure, thyroid dysfunction affect many organs of whole body far beyond a tiny cervical gland. Both diabetes mellitus and thyroid diseases are very common in the fields of endocrinology and metabolism. Coexistence of diabetes mellitus and thyroid diseases are frequently experienced. However, higher prevalence of thyroid dysfunction in both type 1 and type 2 diabetes have been reported [1, 2] . Therefore, they are not simple bystanders, but there would be some clinical linkage between them. Autoimmunity is a key to understand the link between type 1 diabetes and autoimmune thyroid diseases. And, this combination of autoimmune diseases is recognized as autoimmune polyglandular syndrome type 3 variant. On the other hand, the relation between thyroid function and type 2 diabetes is more complicated. Both hyperthyroidism and hypothyroidism could be risk factors for glucose intolerance. This review summarizes the associations between diabetes mellitus and thyroid diseases, and discusses some clinical pitfalls in patients with both diabetes mellitus and thyroid diseases.
Thyroid hormone and glucose metabolism
Thyrotoxicosis is more common in type 2 diabetes mellitus than in general population. Thyroid hormone affects glucose metabolism via several organs (Table 1) . Excess thyroid hormone causes oxyhyperglycemia (rapid increase of blood glucose after oral glucose load) by enhancing gastrointestinal mobility and glucose absorption. Enhancement of glucose absorption by thyroid hormone is supposed to be a result of increased gastrointestinal mobility; however, there might be a direct effect of thyroid hormone on Part of this review was presented at Advances in Diabetology, the 51st annual postgraduate course in Japan Diabetes Society held in Kyoto, Japan in 2017.
gastrointestinal tract. T3 treatment enhances Na + glucose cotransporter (SGLT)-1 activity in human colon cancerderived enterocyte-like Caco-2 cells. Although SGLT-1 mRNA was increased by T3 treatment, SGLT-1 protein level did not change. Since thyroid hormone increases Na + -K + ATPase activity, this enhancement of SGLT-1 activity was thought to be a result of Na + flux due to increased Na + -K + ATPase activity by thyroid hormone (Fig. 1) 
Subclinical hypothyroidism and diabetic complications
Hypothyroidism is not only a risk of obesity and dyslipidemia, but that of metabolic syndrome and diabetes mellitus. As already mentioned, excess thyroid hormone causes insulin resistance and glucose intolerance. Lack of thyroid hormone also associated with insulin resistance and glucose intolerance, and treatment of hypothyroidism was reported to improve insulin sensitivity [1, 2, 5] . Recent review and meta-analysis revealed that patients with type 2 diabetes mellitus were associated with a 1.93-fold increase in a risk of subclinical hypothyroidism compared to non-diabetics [6] . And moreover, diabetic complications were more prevalent in patients with both type 2 diabetes mellitus and subclinical hypothyroidism than those with type 2 diabetes mellitus of normal thyroid function [6] . The odds ratio for diabetic nephropathy was 1.74 (95% confidence interval 1.34-2.28), that for diabetic retinopathy was 1.42 (95% confidence interval 1.21-1.67), that for diabetic peripheral neuropathy was 1.87 (95% confidence interval 1.06-3.28), and that for peripheral arterial disease was 1.85 (95% confidence interval SGLT1 expressed in luminal membrane cotransports sodium/glucose into enterocytes. Sodium or glucose is excreted into blood vessel via Na-K ATPase or GLUT2, respectively. b Hyperthyroid state. Since T3 activate Na-K ATPase, Na flux increased which causes enhancement of SGLT1 activity 1.35-2.54). And, overall odds ratio for diabetic complications was 1.74 (95% confidence interval 1.34-2.28). The precise mechanism of this aggravating effect of subclinical hypothyroidism on diabetic complications is not fully clarified. Patients with subclinical hypothyroidism may have decreased cardiac output, renal flow, glomerular filtration and increased vascular resistance [7] . These changes may explain the higher prevalence of diabetic nephropathy in patients with subclinical hypothyroidism. As for diabetic retinopathy, thyroid hormone is also important for the development of the retina. Hypothyroid rat had smaller and thinner retina [8] . In terms of macrovascular complications, patients with hypothyroidism have been reported higher incidence of dyslipidemia and increased intima-media thickness [9] . Furthermore, hypothyroidism may be related with increased vascular stiffness, endothelial dysfunction, and hypercoagulability. All of these factors could contribute the higher prevalence of peripheral arterial disease in diabetic patients with subclinical hypothyroidism.
Type 1 diabetes mellitus and autoimmune thyroid diseases
Type 1 diabetes mellitus and autoimmune thyroid diseases including Graves' disease and Hashimoto thyroiditis are autoimmune diseases and share common etiology. Therefore, type 1 diabetes mellitus and autoimmune thyroid diseases are complicated with other autoimmune diseases with higher incidence. Autoimmune polyglandular syndrome (APS) is a syndrome with multiple endocrine organ defects because of autoimmune etiology which is classified into 4 types according to Neufeld and Blizzard [10] ( Table 2) . APS type 1, also called as APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy), is inherited in an autosomal recessive fashion, and the gene responsible for APS type 1 was identified as AIRE (autoimmune regulator) located on chromosome 21q22.3. AIRE gene product is a transcriptional factor mainly expressed in medullary thymic epithelial cells where self-tolerance is provided. Therefore, mutations in the AIRE gene will destroy this self-tolerance mechanism and lead to autoimmunity. Clinically, APS type 1 is characterized by 3 components: chronic candidiasis, chronic hypoparathyroidism, and autoimmune Addison's disease. APS type 2, also known as Schmidt's syndrome, is multifactorial etiology and links to HLA. Clinical presentation of APS type 2 is characterized by the presence of autoimmune Addison's disease in association with either autoimmune thyroid diseases and/or type 1 diabetes mellitus. Combination of type 1 diabetes mellitus and autoimmune thyroid diseases without autoimmune Addison's disease is classified into APS type 3, and this specific combination of type 1 diabetes mellitus and autoimmune thyroid diseases without other autoimmune diseases is also called as APS type 3 variant (3v). In Japanese people, the autoimmune diseases mostly complicated with type 1 diabetes mellitus are the autoimmune thyroid diseases. Comparison of clinical characteristics of 54 Japanese APS 3v patients and 143 type 1 diabetic patients without autoimmune thyroid diseases were reported [11] . APS 3v patients showed female predominance, slow and older onset, and higher GAD antibody positivity. And, the analysis of HLA haplotype and CTLA4 gene polymorphism revealed some differences in genetic background between these two. APS type 4 is defined as combination of autoimmune diseases other than type 1-3.
Clinical pitfalls in patients with both diabetes mellitus and thyroid disease

Glycated albumin
Along with glycated hemoglobin, glycated albumin is also used as an indicator of glycemic control in diabetic patients. Since glycated albumin is affected not only by glycemic control but by albumin metabolism, and since thyroid hormone promotes albumin catabolism, patients with hypothyroidism show higher serum glycated albumin level and those with hyperthyroidism show lower. Significant positive correlation between serum glycated albumin and TSH levels, and inverse correlation between serum glycated albumin and free T3 or free T4 levels was reported [12] . Therefore, careful assessment of serum glycated albumin levels should be needed in diabetic patients with thyroid dysfunction. 
Seaweed, especially Kombu or kelp
In the diet therapy planned for diabetic patients, intake of seaweed is highly recommended, because it contains few calories and is rich in minerals and dietary fiber. However, it contains lots of iodine, especially Kombu or kelp does. Excess iodine intake may cause thyroid dysfunction in susceptible patients, such as patients with autoimmune thyroid diseases.
Methimazole and insulin autoimmune syndrome
Methimazole is a widely used antithyroidal drug in the treatment for Graves' disease. Since it contains sulfhydryl group, the use of methimazole is related to the development of insulin autoimmune syndrome [13] . As a cause of hypoglycemia in patients with diabetes mellitus and Graves' disease treated with methimazole, it is necessary to take into account the possibility of insulin autoimmune syndrome.
Metformin and thyroid diseases
Metformin is a widely used antidiabetic drug. Recently, it has been reported that serum TSH level was decreased by metformin therapy [14] [15] [16] . Several hypotheses have been proposed to explain TSH-lowering effects of metformin. The possibility that metformin might increase thyroid hormone absorption from gastrointestinal tract is not likely, since serum free thyroid hormone levels were unchanged. Since metformin crosses blood-brain barrier, central mechanism of TSH suppression is another explanation. Although metformin activates adenosine-5′-monophosphate-activated kinase (AMPK) in peripheral tissues, metformin was reported to inhibit AMPK in the hypothalamus [17] . This central action of metformin may be involved in its TSH suppression. However, further studies would be necessary to elucidate the mechanism of TSH-lowering effects of metformin. Metformin's effects on thyroid are not limited in TSH lowering action. Diabetic patients have been reported to have increased thyroid volume and higher prevalence of thyroid nodules. Patients with metformin treatment had smaller thyroid volumes and lower risk of thyroid nodules compared with controls. Although precise mechanism was not fully elucidated, some studies demonstrated that metformin can inhibit the growth of thyroid cancer cells by affecting insulin/insulin-like growth factor I signal and mammalian target of rapamycine pathways [18, 19] .
Thiazolidinediones (TZD) and thyroid-associated orbitopathy
The pathogenesis of thyroid-associated orbitopathy has not been fully clarified. However, it is believed to be an autoimmune inflammatory process and the expansion of the volume of orbital contents occur which includes fat and connective tissues as well as ocular muscles. This expansion of adipose tissues in thyroid-associated orbitopathy may be due to de novo adipogenesis. Orbital fibroblasts are capable to differentiate into adipocytes under appropriate stimuli, possibly inflammatory cytokines. One of the important factors in adipocyte differentiation is peroxisome proliferator-activated receptor (PPAR)-gamma which is expressed in orbital adipose and connective tissues and increased expression in active stages of thyroid-associated orbitopathy was reported [20, 21] . TZD, PPAR-gamma agonist, is an antidiabetic drug of insulin-sensitizing effects. The administration of TZD to patients with thyroid-associated orbitopathy has been reported to associate with aggravation of the ophthalmopathy [22] .
Glucagon-like peptide-1 (GLP-1) receptor agonist and thyroid cancer
GLP-1 receptor agonists are increasingly being used for the treatment of type 2 diabetes mellitus. While GLP-1 receptor agonists can efficiently reduce blood glucose, they may potentially have some effects on thyroid gland, since there exist GLP-1 receptors. There are four types of thyroid cancer: papillary, follicular, anaplastic and medullary thyroid cancers. Medullary thyroid cancer is a very rare and it is derived not only from thyroid follicular cells, but also from thyroid C-cells which express and secrete calcitonin. Since GLP-1 receptor agonists have been reported to activate rodent thyroid C-cells and cause calcitonin release and C-cell proliferation [23] , they are currently contraindicated in patients with medullary thyroid cancer and in patients with multiple endocrine neoplasia type 2 which is a genetically predisposed condition to medullary thyroid cancer. However, compared to rodents, primates or human have fewer GLP-1 receptors in thyroid C-cells [23, 24] . Especially normal human C-cells do not express GLP-1 receptor at all, while 27% of human medullary thyroid cancers express GLP-1 receptor and 100% of rat C-cell hyperplasia or medullary thyroid cancer does. And furthermore, the use of GLP-1 receptor agonists did not lead to elevation of serum calcitonin levels in human [25] , although long-term observation may be necessary. Therefore, at present the benefits of using GLP-1 receptor agonist for patients with type 2 diabetes mellitus overwhelmingly outweigh its possible risks except for patients with medullary thyroid cancer or multiple endocrine neoplasia (MEN) type 2.
Conclusion
Since diabetes mellitus and thyroid diseases are very common diseases, they may complicate each other very frequently. However, higher prevalence of thyroid dysfunction in both type 1 and type 2 diabetes compared with non-diabetics revealed their close relationship. Of course, autoimmunity is a key to understand the link between type 1 diabetes and autoimmune thyroid diseases. On the other hand, both hyperthyroidism and hypothyroidism have been correlated with type 2 diabetes mellitus. Higher incidence of diabetic complications has also been reported in subclinical hypothyroidism. We have to pay some special attention to patients with both diabetes mellitus and thyroid diseases, such as assessment of glycated albumin, iodine uptake, and treatment drugs.
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